α-SMA = α-smooth muscle actin; CK14 = cytokeratin 14; CM = conditioned media; FCS = fetal calf serum; MMP = matrix metalloproteinase; pan-CK = pancytokeratins; PBS = phosphate-buffered saline; s.c. = subcutaneous(ly); uPA = urokinase-type plasminogen activator.
Introduction
Two epithelial cell types, present in roughly equal numbers, line the normal duct and lobular system of the mammary gland. There is an inner 'luminal' or 'secretory' cell layer surrounded by an outer myoepithelial cell layer. Thus myoepithelial cells, interposed between stroma and lumen, are placed in an ideal location to control many aspects of luminal function such as polarity, electrolyte and fluid flow, and response to endocrine or paracrine signals [1, 2] .
The contribution of myoepithelial cells to benign and malignant pathologies has only recently been recognized. Some studies have attributed great significance to the normal myoepithelium as a paracrine inhibitor of mammary cell proliferation and morphogenesis [3, 4] , invasion [5] , and angiogenesis [6] , and thus as an inhibitor of tumor progression [7] . Nevertheless, the role of malignant myoepithelial cells remains a major enigma in breast cancer biology.
Tumors showing myoepithelial differentiation are rarely composed of a single cell type as in pure myoepitheliomas or myoepithelial carcinoma. More often, myoepithelial cells coexist with neoplastic luminal epithelial cells in adenoid cystic carcinoma, adenosquamous carcinoma, adenomyoepithelioma, and poorly differentiated myoepithelium-rich carcinoma. Although these are rather common tumors in dogs, rats, and mice [8] , they are considered rare in human clinical practice, and reports in the literature are generally of small series or isolated case reports [9] . Furthermore, the contribution of myoepithelial cells to human ordinary ductal carcinomas is also unclear. Interestingly, some reports suggest that 2-18% of so-called ductal carcinomas -no special type -show focal or diffuse myoepithelial differentiation by immunohistochemical criteria [10, 11] , and about 50% of these exhibit aggressive malignant behavior [9] .
Several observations favor the existence of bipotent mammary cell precursors giving rise to both luminal and myoepithelial cells [2] . However, the precise location and molecular markers of mammary precursor cells, and also their role in mammary carcinogenesis, are still a matter of controversy. Although it has been proposed that the myoepithelial cell might derive from precursors within the luminal layer [12] , a recent study [13] has identified a new cell population, a precursor of both cell types, within the human breast. Moreover, Gudjonsson and colleagues [14] have isolated a bipotent progenitor cell located in the suprabasal compartment in vivo. Recent work employing laser capture and comparative genomic hybridization analysis on human pure myoepithelial carcinomas and ductal carcinomas of no special type [15] suggest that the first genetic alterations probably occur in a common stem cell, followed by further changes in the lineage-committed cell progenitors.
Most murine models for breast cancer development, although extremely useful, have some characteristics that might preclude the extrapolation of results to the human disease [16] . In particular, even though lymph nodes represent the first and most frequent metastatic site in human breast cancer, murine mammary tumors usually do not metastasize to the regional lymph nodes. However, several years ago a spontaneous transplantable mammary adenocarcinoma (M38) showing the capacity to metastasize both to draining lymph nodes and lung arose in our BALB/c colony [17] . Here we describe the establishment and characterization of cell sublines from the murine M38 mammary tumor. Our results show that this new murine mammary tumor model is composed of two subpopulations of tumor cells with luminal and myoepithelium-like phenotypes, and that its differentiated histopathology and pathogenic behaviour might depend on the presence and/or interaction of both cell types.
Materials and methods
Tumor M38 mammary tumor appeared spontaneously in the mammary gland of a pregnant BALB/c female mouse of our breeding colony in 1994. It was diagnosed as a welldifferentiated ductal papillary adenocarcinoma [17] . Since then the M38 tumor has been maintained by subcutaneous (s.c.) serial transplantation to the flanks of either male or female syngeneic mice. M38-bearing mice still develop differentiated papillary tumors, and lung and lymph node metastases continue to develop in 100% and 88% of the cases, respectively.
Cell culture
The primary cell suspension was obtained by enzymatic digestion of M38 tumor fragments with 0.01% Pronase (Sigma, St Louis, MO) and 0.0035% DNAse (Sigma) in IMDM/F12 medium (Life Technologies Inc., Gaithersburg, MD, USA). Cells were cultured in IMDM/F12 medium supplemented with 10% fetal calf serum (FCS; Natacor, Córdoba, Argentina) and 2 mM L-glutamine (Sigma) at 37°C in plastic flasks (Nunc, Roskilde, Denmark) in a humidified 5% CO 2 /air atmosphere. Serial passages were made by treatment of confluent monolayers with 0.25% trypsin and 0.02% EDTA in Ca 2+ -free and Mg 2+free PBS. Once established, the continuous LM38 cell line was maintained in the conditions mentioned above. Cells were determined periodically to be mycoplasmafree by Hoechst's method.
During subculture the LM38 cell line acquired important phenotypic changes. Thus, two different sublines were defined for further characterization: low-passage LM38 cells (LM38-LP; passages 7-15) and high-passage LM38 cells (LM38-HP; passages 55-65).
A third subline, LM38-D2, was cloned from the different cell subpopulations present in the LM38-LP subline by limiting dilution as described previously [18] .
Cell growth
Cell suspensions (2 ml) containing 1.2 × 10 5 viable cells/ml were seeded in triplicate to 35 mm plastic dishes (Nunc) in medium supplemented with 10% FCS and 2 mM L-glutamine. Fresh medium was replaced every 24 hours. Cultures were harvested at 24, 48, 72 and 96 hours after seeding, and cell growth was evaluated by treatment with trypsin and subsequent cell counting in the presence of trypan blue. The population doubling time was calculated from the exponential phase of growth curves. Susceptibility to nutrient depletion was also analyzed by culturing semiconfluent monolayers in serum-free medium.
Clonogenicity
Clonal cell growth was studied as described previously [19] . In brief, monodispersed cells were seeded at low density (500-5000 cells per dish) on 35 mm plastic dishes in complete medium. Medium was changed each 72 hours. After 8 days of culturing, plates were washed, fixed with 5% acetic acid in methanol, and stained with hematoxylin; the number of colonies was counted under an inverted microscope. Plating efficiency was defined as the percentage of cells able to grow as colonies of more than 10 cells.
Anchorage-independent spheroid formation
Monodispersed cell suspensions (2 × 10 5 cells/ml) in 10 ml of growth medium were seeded on a 100 mm Petri dish previously covered with a 1% agar-medium underlay to prevent cell attachment. In these conditions cells formed aggregates (spheroids) that were fixed for histological studies or trypsin-treated after various periods, stained with trypan blue and counted for growth evaluation.
Ploidy
To further characterize the cell components of the different LM38 cultures, 10 5 cells were seeded in triplicate wells of a tissue culture chamber slide (Lab-TekR; Nunc). After 72 hours, monolayers were fixed and stained with Feulgen for DNA content evaluation with an Image Analyzer Microscope CAS 200 (Cell Analysis Systems Inc., San Diego, CA, USA). At least 200 cells were analyzed for each culture.
Immunocytochemistry
Semiconfluent monolayers grown on glass coverslips or in Lab-Tek assemblies in complete medium were fixed with 5% acetic acid in methanol, then rehydrated, washed with PBS, blocked for endogenous peroxidase activity, and incubated overnight with 1:200 dilutions of monoclonal antibodies against pancytokeratins (pan-CK; a 20:1 mixture of clones AE1/AE3 recognizing cytokeratins 2, 4, 5, 6, 8, 10, 14, 15, 16 and 19; BioGenex Laboratories, San Ramon, CA, USA), cytokeratin 14 (CK14; clone NLC-LL002; Novo-Castra, Newcastle upon Tyne, UK), vimentin (clone V9; Dako, Carpinteria, CA), or α-smooth muscle actin (α-SMA; clone 1A4; Dako). Slides were then incubated with a biotinylated secondary antibody, washed, and incubated with a streptavidin-horseradish peroxidase conjugate (Vector Laboratories, Burlingame, CA, USA). Antigens were revealed with 7% diaminobenzidine and 3% H 2 O 2 in PBS, and nuclei were counterstained with Harris hematoxylin. For E-cadherin (Clone 36; Transduction Laboratories, Lexington, KY) expression cell cultures were revealed with a secondary antibody labeled with tetramethylrhodamine β-isothiocyanate. Actin cytoskeleton was studied by staining the same cell monolayers with phalloidin-fluorescein isothiocyanate.
Appropriate controls included the omission of the primary antibody and the substitution of purified mouse nonimmune immunoglobulins at the same concentration as the first antibody. To avoid cross-reactions with endogenous murine IgGs, dilution of antibodies was performed in a buffer containing 2% normal mouse serum. Photographs were taken with a Nikon fluorescence biological microscope (Eclipse E400; Nikon, Tokyo, Japan) using either Kodak 100 film or a Nikon Coolpix digital camera.
Preparation of conditioned media (CM)
To prepare CM, semiconfluent monolayers growing in 35 mm plastic Petri dishes were washed extensively with PBS to eliminate traces of serum. Serum-free medium (1 ml) was added and the incubation was continued for 24 hours. CM were individually harvested, the remaining monolayers were scraped into cold lysis buffer (1% Triton X-100 in PBS), and cell protein content was determined (Bio-Rad Protein Assay). CM samples, aliquoted and stored at −40°C, were used only once after thawing.
Quantification of urokinase-type plasminogen activator (uPA) activity by zymography and radial caseinolysis
Secreted uPA activity was analyzed in CM prepared from LM38 cells. Zymograms were performed as described previously [18, 19] , using sodium dodecyl sulfate (SDS)-9% separating and 4% stacking polyacrylamide gels, under non-reducing conditions. After electrophoresis, gels were washed with 2.5% Triton X-100 and incubated on the surface of a gel composed of 2.5% agarose (Byodinamics SRL, Buenos Aires, Argentina), 33 mg/ml dried skimmed milk as casein source, 2 µg/ml plasmin-free plasminogen (Chromogenix, Mondal, Sweden), and 0.2 M Tris-HCl (pH 8.0). To confirm uPA activity present in zymograms, the assay was performed in the presence of amiloride (1 mM). To quantify uPA activity, a radial caseinolytic method was employed [18, 19] . Plasminogen-free casein-agarose gels were used to test plasminogen-independent activity. uPA activities were referenced to a standard urokinase curve ranging from 0.05 to 25 U/ml and normalized to the protein content of the original cell culture.
Matrix metalloproteinase (MMP) zymography
Gelatinolytic MMP activity was determined on substrateimpregnated gels as described previously [19] . In brief, samples were separated on SDS-9% polyacrylamide gels containing 1 mg/ml copolymerized gelatin (Difco, Detroit, MI) under non-reducing conditions, followed by two washes with 2.5% Triton X-100. Gels were then incubated for 30-48 hours at 37°C in 0.25 M Tris-HCl, 1 M NaCl, 25 mM CaCl 2 at pH 7.4, and stained with 0.5% Coomassie G 250 (Bio-Rad, Richmond, CA) in methanol/acetic acid/water (30:10:60). The clear lysed areas of the bands on the stained gels were measured with a GS-700 densitometer (Bio-Rad, Hercules, CA, USA). To confirm that the activity was specifically due to MMPs, 40 mM EDTA was added to the incubation buffer.
Animals
Randomized inbred 2-4-month-old female BALB/c mice, obtained from our Animal Care Area, were employed. Food and water were administered ad libitum. All animal studies were conducted in accordance with the NIH Guide for the Care and the Use of Laboratory Animals.
Tumorigenicity and spontaneous metastasis studies
Mice were inoculated s.c. in the left flank with 5 × 10 4 to 2 × 10 5 of the various cell lines in 0.2 ml of IMDM/F12 medium. For co-inoculation experiments, LM38-HP and LM38-D2 cells were seeded together in different proportions (2:1 and 3:1) and mixed cultures were incubated in vivo for 36 hours before s.c. inoculation (2 × 10 5 cells/ mouse). Animals were analyzed for tumor growth and spontaneous lymph node and lung metastases as described previously [19] . In brief, latency was defined as the time between s.c. injection of tumor cells and the evidence of external tumors in 50% of mice. The mean of the two largest perpendicular diameters was recorded twice a week to evaluate tumor growth. Mice were killed 65 days after tumor inoculation. The number and size of surface lung nodules were determined under a dissecting microscope. Lymph nodes, liver, kidney, and spleen were examined for the presence of metastatic nodules.
Experimental lung metastasis assay
To study their ability to produce experimental lung metastases, 3 × 10 5 cells were injected into the tail vein of syngeneic mice (n = 10 for each cell type) with a 27-gauge needle. Mice were monitored daily and killed 21 days later. Lungs were removed and the number and size of superficial lung colonies were determined as described above. The viability of the inoculated cells, as determined by trypan blue exclusion, was more than 95% for all in vivo assays.
Histology
Fixed tissues and spheroids (see above) were embedded in paraffin, and 5 µm sections were either stained with hematoxylin and eosin or tested for the expression of pan-CK, α-SMA, or vimentin, as described above.
Electron microscopy
For electron microscopy, tumor tissues fixed in 10% glutaraldehyde were post-fixed in 1% osmium tetroxide in 0.1 M phosphate buffer and embedded in Maraglass 655 (Polysciences Inc, Warrington, PA). Thin sections were stained with 1% Azur II plus 1% methylene blue in water for 3-5 min, then examined and photographed with a light microscope. Ultramicrotome sections, contrasted with uranyl acetate and lead citrate, were examined and photographed with a Zeiss EM-9A transmission electron microscope.
Statistical analysis
All experiments were performed in triplicate unless otherwise indicated. The significance of differences between groups was calculated by applying Student's t-test or χ 2 -test. The nonparametric Mann-Whitney U-test was employed to analyze differences in metastatic ability. A value of P < 0.05 was considered to be significant.
Results

Features and morphology in vitro
M38 primary cultures and the LM38-LP cell line (passages 7-15) were composed of two main subpopulations: islets of small cobblestone-like epithelioid cells surrounded by loosely arranged large and clear spindle cells with large nuclei (Fig. 1 , top panels). In addition, limited numbers of less defined spindle cells were observed in the low-passage cultures. However, after about 30 passages the morphologic phenotype of the LM38 cells underwent a remarkable change, which remained stable for at least 75 subculture passages. LM38-HP cultures (passages 55-65) were mainly composed of small spindle cells that did not form tight cobblestone-like nests, together with occasional large spindle-shaped cells ( Fig. 1 , middle panels).
Single-cell cloning by limiting dilution of the heterogenous LM38-LP cell line resulted in the initial isolation of several clones of the large spindle cells with large nuclei, as well as some clones of small spindle cells and a few clones forming epithelium-like islets. However, subpopulations with other morphologies always arose in these latter two groups after several days in vitro and a first subculture to amplify the clones. These clones ultimately contained small epithelial cells forming dense islets and/or large epithelial cells with a similar cobblestone appearance surrounded by large and light spindle cells (data not shown). We were therefore never able to isolate pure clones of epithelial cells forming islets by dilutional cloning. In contrast, clones that originally contained only large clear spindle cells continued to remain homogenous after repeated subcultures. One of these, LM38-D2, was employed for further characterization in vitro and in vivo (Fig. 1 , bottom panels).
Immunocytochemistry was used to determine cell lineage. Islets of LM38-LP small epithelioid cells were intensely positive for pan-CK and negative for α-SMA ( Fig. 1 , upper panels), but only poorly positive for vimentin (data not shown). LM38-LP large spindle cells surrounding the islets showed remarkable fibrillar cytoplasmic staining for α-SMA and moderate to low staining for pan-CK ( Fig. 1 , top panels) but were poorly positive for vimentin (data not shown). These results indicate that LM38-LP cultures were formed from islets of luminal-like epithelial cells surrounded by peripheral myoepithelial cells.
LM38-HP small spindle cells were positive for both pan-CK and vimentin (data not shown), but negative for α-SMA ( Fig. 1 , middle panels). Sparse larger spindle cells were also found in LM38-HP cultures; they were smaller than those present in LM38-LP cultures and showed diffuse cytoplasmic staining and a less organized array of myofilaments by anti-α-SMA immunostaining ( Fig. 1 , middle panels). LM38-HP cultures were therefore mainly composed of epithelial cells with a remarkably undifferentiated morphological phenotype, and a secondary minor subpopulation of altered myoepithelial cells.
The clonal LM38-D2 cells showed fibrillar staining for α-SMA, and stained with variable intensities for pan-CK, thus indicating their myoepithelial lineage (Fig. 1 , bottom panels).
For further characterization, the expression of E-cadherin and the organization of the actin cytoskeleton of the different cell sublines were also analyzed. The islets of small epithelial cells of LM38-LP cultures showed intense membrane staining for E-cadherin and a cortical distribution of actin, which is typical of an epithelial phenotype (Fig. 2) . On the contrary, myoepithelial cells from LM38-LP subline and clone LM38-D2 myoepithelial cells did not express E-cadherin and presented a filamentous actin cytoskeleton forming stress fibers (Fig. 2) . Interestingly, the small spindle cells of LM38-HP subline did not express E-cadherin and presented stress fibers in addition to some actin cortical distribution ( Fig. 2 ), suggesting an epithelio-mesenchymal transition (EMT) of these cells.
A summary of the main cytological features of LM38 sublines is presented in Table 1 .
DNA ploidy analysis
To further identify the origin and evolution of the cellular components of LM38-LP, LM38-HP, and LM38-D2 cultures, the DNA content of cells was analyzed employing Feulgen staining and an image analyzer microscope. As shown in Fig. 3a , LM38-LP cultures contained two principal aneuploid subpopulations. The main one (47%), probably corresponding to the previously characterized large spindle myoepithelial cell compartment, was hypertetraploid with a DNA index of 2.75 (relative to 5.6 pg of DNA content in G1 somatic mouse cells). The subpopulation of cuboideal epithelial cells (27%) was hypotriploid with a DNA index of 1.35. LM38-HP cultures exhibited a main peak, corresponding to the population of small spindle cells (54.2%), with the same DNA index (1.35) already observed in the luminal epithelial cells of LM38-LP cultures, and a smaller (< 20%) secondary peak of cells with a 2.75 DNA index, probably constituted both by epithelial cells undergoing the G2/M-phase and a small population of myoepithelial ones (Fig. 3b ). All LM38-D2 cells presented a DNA index equal or higher than 2.75, quite similar to that of the LM38-LP myoepithelial subpopulation (Fig. 3c ). These results indicate that both the luminal epithelial and myoepithelial cells are transformed.
Cell growth
Unsynchronized LM38-HP cells growing in monolayers in IMDM/F12 supplemented with 10% FCS had a remarkably shorter population doubling time as compared with the low-passage LM38-LP cells. In contrast, the LM38-D2 Breast Cancer Research Vol 6 No 2 Bumaschny et al.
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Figure 2
Dual staining for E-cadherin (upper panels) and actin (lower panels) of LM38-LP, LM38-HP, and LM38-D2 cells (left, middle, and right panels, respectively). Whereas islets of epithelial cells showed evident Ecadherin staining of membranes, neither myoepithelial cells (in LM38-LP or LM38-D2 cultures) nor LM38-HP epithelioid cells did so. Actin was distributed cortically in the islets of epithelial cells, formed long stress fibres in the myoepithelial cells, and showed poor cortical distribution and the simultaneous presence of stress fibers in the spindle-shaped LM38-HP cell line. (Original magnification ×400; scale bar, 35 µm.) clone grew at a slower rate than the parental LM38-LP line ( Table 2 ). However, when seeded at low density under more stringent growth conditions, the LM38-LP cells exhibited a significantly higher plating efficiency than the LM38-HP cells ( Table 2 ), suggesting an association between the decrease in clonogenic capacity and the loss or impairment of myoepithelial cells. Moreover, LM38-LP cells were more resistant than LM38-HP cells to serum starvation ( Table 2) .
To determine whether a soluble factor was responsible for the different growth patterns of our cells, LM38-HP cells were grown in the presence of filtered CM (25%, v/v) from LM38-LP cultures. No changes in their morphology or proliferation rate were evident even after 30 days of treatment. The same negative results were obtained after applying LM38-HP CM to LM38-LP monolayer cultures.
Anchorage-independent growth, and characterization of spheroids
LM38-LP and LM38-HP cultures began to form spheroids as soon as 24 hours after being seeded on an agar-medium layer. Whereas LM38-LP cells formed tight smooth-surfaced spheroids, LM38-HP aggregates were made up of loose cells resembling grape clusters rather than well-organized spheroids ( Fig. 4) . Cell counting revealed a steady increase in the number of LM38-HP cells over 9 days, whereas the number of LM38-LP cells remained stable for 4 days and then gradually decreased ( Fig. 5 ).
Interestingly, histologic analysis revealed that most LM38-LP spheroids resembled glandular structures with a polarized epithelium ( Fig. 4 , left panels). In contrast, LM38-HP cells formed relatively large irregular clusters without polarization or lumen formation (Fig. 4, right panels) . LM38-LP spheroids showed strong staining for pan-CK in the polarized epithelial cells, and poor expression of cytokeratin in the larger cells occupying the spheroid cores or loose within the culture (Fig. 4, upper panels) . Staining for CK14, a cytokeratin specific for myoepithelial cells, showed positivity in cells found either in the core of the spheroids or intermingled with the polarized luminal cells or, sometimes, in cells organized as a basal epithelial layer in the periphery of the spheroid (Fig. 4, lower panels) . Similar results were found when a double staining for cytokeratins and α-SMA was performed on the same section, revealing that myoepithelial tumor cells concomitantly expressed epithelial and smooth muscle markers whereas polarized luminal cells presented only a very high expression of cytokeratins ( Fig. 4,  inset) . In contrast, moderate expression of cytokeratins was found in LM38-HP spheroids, and some cells, intermingled with negative ones, were positive for cytokeratin 14 (Fig. 4 ) or for α-SMA (data not shown).
These results show that only the heterogenous LM38-LP cultures had the capacity to acquire a highly differentiated The representative data shown correspond to one of three independent experiments. ND, not done. *P < 0.05 compared with LM38-LP.
Figure 4
Morphology and cellular composition of spheroids formed in a threedimensional growth assay. LM38-LP cells (left panels) formed glandular-like smooth-bordered spheroids, whereas LM38-HP cells (right panels) grew in loose irregular clusters. Cells positive for pancytokeratins (pan-CK; upper panels) formed a polarized epithelial layer surrounding a kind of lumen in LM38-LP spheroids, but were disorganized in LM38-HP clusters. In LM38-LP spheroids myoepithelial cells, stained for either cytokeratin 14 (CK14) or α-smooth muscle actin (α-SMA; lower panels), were found as a basal cell layer (arrow) surrounding luminal epithelial cells or occupying the spheroid core in an inside-out display (arrowhead). Some CK14-positive myoepithelial cells were found intermingled in LM38-HP clusters (arrow). Inset: Double staining of LM38-LP spheroids: α-SMA (light brown), pan-CK (blue), nuclei (red). (Original magnification ×400; scale bar, 35 µm.) histotypic morphology resembling glandular ducts when grown in suspension, forming spheroids made up from both cell types found in monolayers (Table 1) .
Behavior in vivo
The LM38-LP and LM38-HP cultures, as well as the LM38-D2 clone, were analyzed for tumorigenicity and spontaneous metastatic potential after s.c. inoculation in the flanks of syngeneic BALB/c mice. As shown in Table 3 , LM38-LP tumors exhibited a short latency, a high growth rate, and a high rate of metastasis to lung and lymph node, similar to that observed for the primary cultures of the parental M38 tumor (data not shown). In contrast, LM38-HP tumors had a longer latency and a remarkably slower growth rate, as well as a lower incidence of spontaneous lung and lymph node metastasis. Regarding tumorigenicity, whereas the inoculation of 5 × 10 4 LM38-LP cells allowed tumor formation in 100% of mice, only 30% of mice inoculated with the same number of LM38-HP cells showed tumor growth. LM38-D2 clone tumors had a longer latency, a slower growth rate than LM38-LP tumors, an extremely low rate of spontaneous spread to the lung, and no capacity for lymph node dissemination ( Table 3 ).
The ability of the various cells to form experimental lung metastases after injection into a tail vein was also examined. As shown in Table 3 , LM38-HP cells exhibited a remarkably lower ability to colonize lung as compared with LM38-LP cultures. Moreover, LM38-D2 cells consistently failed to form experimental lung metastasis.
Histopathology and ultrastructure
LM38-LP s.c. tumors were differentiated papillary adenocarcinomas, with the same histopathology as the parental M38 tumor. These contained finger-like projections of fibrovascular stroma surrounded by heterogenous neoplastic cells organized, as single or multilayered epithelia with papillary fronds and nodules, into lumina that were frequently occupied by multifocal apoptotic and necrotic foci ( Fig. 6, upper left panel) . Mitotic figures were frequently found in the tumor tissue. Tumors grew by invading the muscular and adipose layers of the subcutis, and at 60 days after inoculation tumor cells also invaded the dermis and the dermal papillae in some animals, causing visible ulceration on top of the tumors (data not shown). Whereas lymph node metastases replaced the whole normal tissue with the same papillary organization, lung metastases mainly formed solid cords accompanied with less vascular-connective tissue (Fig. 7 ).
LM38-HP s.c. tumors grew as solid and poorly differentiated carcinomas of homogenously small light cells, with little or no evidence of glandular or papillary differentiation ( Fig. 6 , upper middle panel). Only sparse small apoptotic foci and almost no local invasiveness (data not shown) were other characteristics of LM38-HP tumors. Lung metastases, although infrequent, were similar in appearance to the primary s.c. tumors (data not shown).
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Figure 5
Growth curves of LM38 sublines in a three-dimensional assay in liquid medium. Cell suspensions (2 × 10 5 cells/ml) in complete growth medium were seeded on top of an agar layer. At different time points spheroids were collected and trypsin-treated; cells were then counted. Whereas the LM38-HP cells proliferated at least up to the 10th day in this condition, the LM38-LP subline not only did not proliferate but began to die after the fourth day. The representative data shown correspond to one of two independent experiments. Standard deviations (not shown) were within ±10% of the mean. No. of experimental lung metastases [median (range)] 40.5 (9-80) 0 (0-3)* 0 (0-1)*
The representative data shown correspond to one of three independent experiments. Mice were inoculated with 2 × 10 5 cells for subcutaneous tumor growth and assessment of spontaneous metastasizing ability, or with 3 × 10 5 cells for the experimental metastasis assay. *P < 0.05 compared with LM38-LP.
Immunohistochemical staining for pan-CK revealed that LM38-LP tumors were strongly positive, whereas LM38-HP tumors showed minimal staining or were completely negative (Fig. 6 , lower panels). No tumor cell expressed vimentin in vivo (data not shown). Interestingly, the presence of abundant α-SMA-positive myoepithelial cells was evident in the parenchyma of LM38-LP s.c. tumors and lymph node metastases, but not in LM38-HP tumors (Fig. 6 , middle panels and Fig. 7a,c) . α-SMA is a reliable differentiation marker that is expressed exclusively in smooth muscle and in myoepithelial cells. α-SMA-positive myoepithelial cells were mainly found in contact with the stroma, forming several layers, and also mixed at random with α-SMA-negative luminal epithelial cells (Fig. 6 ). Myoepithelial cells could be also found invading the stroma, but could be differentiated morphologically from myofibroblasts, which are also positive for α-SMA. Lung metastases were mainly composed of cells positive for pan-CK with only occasional intermingled α-SMA-positive cells (Fig. 7b,d) .
The LM38-D2 clone formed highly undifferentiated solid tumors, with few apoptotic or necrotic foci, that were composed of large spindle-shaped CK14 and α-SMA-positive myoepithelial cells organized in broad strands or whorls ( Fig. 6, right panels) . Interestingly, in spite of their rather slow growth rate and almost null metastatic ability, LM38-D2 tumors invaded the s.c. and adipose tissue, migrated through the s.c. skeletal muscle layer and reached the dermis (Fig. 6 , right middle panel).
Histopathologic and immunohistochemical features of the different tumors are summarized in Table 1 .
Tumors were also fixed and stained for transmission electron microscopy. As shown in Fig. 8a , light microscopy of Maraglass-embedded sections confirmed that heterogenous LM38-LP tumor parenchyma was composed of two main cell types: small epithelial cells of light cytoplasm and euchromatic nuclei with some dense chromatin granules placed adjacent to the lumen, and several layers of spindle dark cells with intensely stained irregular nuclei, located either close to the stroma or intermingled. In contrast, LM38-HP tumors were mainly formed from small light epithelial cells; only scanty dark cells were found either at the epithelium-stroma interface or mixed in the cellular cords (Fig. 8b) . Several stages of cell differentiation, similar to those described in the epithelial renewal of the normal mouse mammary gland [20] , were found in both LM38-LP and LM38-HP tumors.
Electron microscopy of neoplastic epithelial cells showed a paucity of cytoplasmic organelles, abundant free ribosomes and altered mitochondria. Nuclei could be either small and pale with heterochromatin, or large and euchromatic with distinct nucleoli. Neoplastic myoepithelial cells showed indented and densely stained heterochromatic nuclei, a dark pleomorphic cytoplasm with altered mitochondria, and 
Figure 7
Immunohistochemical staining for α-smooth muscle actin (α-SMA) expression in LM38-LP lymph node (a, b) and lung metastases (c, d).
Whereas the lymph node metastasis showed the same histoarchitecture as the subcutaneous primary tumor, and the presence of many α-SMA-positive myoepithelial cells, lung metastatic nodes were less differentiated and only a few α-SMA positive cells could be found (arrow). Scale bars, 140 µm (a,c) and 35 µm (b,d).
abundant parallel microfilament bundles and irregular focal densities within long cytoplasmic processes ( Fig. 8c-e ). The glandular-epithelial origin of the poorly differentiated LM38-HP tumors was confirmed with the finding of both intracytoplasmic and conspicuous glandular lumina with microvilli and rudimentary intercellular junctions (Fig. 8f ).
Production of proteases associated with tumor invasion
To seek an explanation of the differences in the metastatic capacity of our different cell subpopulations, we analyzed the production of uPA and MMPs, proteases associated with the invasive and metastatic phenotypes [21] . The LM38-HP cells and LM38-D2 clone secreted significantly less uPA than LM38-LP cells, as indicated by radial caseinolysis assays (Fig. 9a ). Casein-plasminogen zymograms revealed that each of the cell lines secreted a main 48 kDa plasminogen activator (Fig. 9b ) that could be inhibited by the specific uPA inhibitor amiloride, thus confirming its identity as uPA. These gels also confirmed the differential activity observed by the radial assay.
Regarding metalloproteinases, it was found that all LM38 sublines secreted considerable amounts of latent MMP-9, whereas only the highly metastatic LM38-LP cells were able to secrete limited amounts of latent MMP-2 to the culture medium (Fig. 9b) .
Effect of the co-inoculation of LM38-HP and LM38-D2 cells on behaviour in vivo
To analyze whether the interplay between myoepithelial and epithelial cells was contributing to the behaviour of M38 mammary tumor in vivo, co-inoculation experiments were designed. Before the s.c. injection, LM38-HP and LM38-D2 cells were seeded in different proportions (2:1 and 3:1) and cultivated together for about 36 hours. Because no differences were found between the experiments, results are described together. We found that tumors resulting from the combination of cell lines were more invasive, grew faster (2.8-fold) and had a higher incidence and number of lung metastasis than LM38-HP and LM38-D2 tumors ( Fig. 10 , and data not shown). Metastasis size was also increased (data not shown). However, they did not recover either the ability to colonize the regional lymph node or the papillary differentiated histopathology (Fig. 10 ).
Discussion
Mouse models afford an excellent opportunity to improve our understanding of the natural biology of breast cancer. However, although exciting similarities can be found between human breast cancer and murine breast cancer models, important differences also exist. In particular, the fact that most murine mammary tumors metastasize to lung but do not form secondary tumors at the lymph node level is a matter of concern for most basic cancer researchers.
In the past few years a panel of genetically engineered mouse models have been generated that could rapidly address these differences [16] . However, there are almost no spontaneous syngeneic mouse models available with which to study regional lymph node dissemination, even though it is the first and most frequent mode of dissemination for human breast cancer.
M38 is a mammary gland tumor that arose spontaneously in a pregnant mouse from our BALB/c colony. In addition to forming lung metastases after serial s.c. transplantation, M38 transplants formed secondary regional lymph node tumors in about 90% of the transplanted mice. From the first in vivo passages, the M38 tumor has also retained a differentiated papillary structure that is evident both in primary s.c. tumors and lymph node metastases, but not in lung metastases which are solid and poorly differentiated. Papillary adenocarcinomas, infrequent carcinomas of the mammary gland in women, have been associated with a rather high incidence (32%) of lymph node metastases [22] .
To characterize the M38 tumor further, we initiated primary monolayer cultures. Whereas other murine mammary tumor cultures that we have established contained a main epithelium-like population [19] , both M38 primary cultures and the LM38-LP cell line were composed of two main populations: one forming cobblestone epithelium-like islets and the other being large clear spindle cells distributed around and between the islets. These cells closely resembled the cell components described in primary cultures of normal mammary gland epithelium, of either murine or human origin [23] . Coincident with those findings, the main LM38-LP cell components were identified as of luminal epithelial or myoepithelial lineages, with the aid of a panel of immunohistochemical markers. Although DMBA-induced murine mammary tumors containing both luminal and myoepithelial cells have been described [8] , murine spontaneous tumor models of a bicellular phenotype are lacking, and the reproducible development of matched pairs of malignant luminal and myoepithelial syngeneic cell lines has remained a major challenge in breast tumor biology and pathology.
It is accepted that tumors are composed of both malignant and adjacent normal cells. In fact, several years ago, Petersen and van Deurs [24] presented clear evidence that islets of 'normal' epithelial and myoepithelial cells of ductal origin could be found entrapped in primary monolayer cultures from human breast carcinomas, intermingled with islets of carcinoma cells. Moreover, the isolation of an immortal and severely aneuploid, but non-carcinogenic, cell line from a breast carcinoma biopsy was recently reported [25] . This is not true of the LM38 cell line: several lines of evidence presented here show incontrovertibly that all the cellular components were neoplastic, particularly their consistent and significant aneuploidy and their capacity to form tumors when injected into syngeneic mice, either as subpopulations of the heterogenous LM38-LP cell line or as isolated cloned cells.
Although the contribution of myoepithelial cells to benign and some malignant pathologies is recognized, this cell type has been largely neglected in molecular and biological studies. The erroneous concept that its role in 
Figure 10
Co-inoculation experiments in vivo. LM38-HP and LM38-D2 cells were cultivated together before subcutaneous injection, as described in the Materials and methods section. The combined tumors showed a higher incidence and number of spontaneous lung metastases than LM38-HP or LM38-D2 tumors. The results of two separate experiments are presented together. *P < 0.05 compared with LM38-HP and LM38-D2. Inset: a representative subcutaneous combined tumor stained for α-smooth muscle actin. Although myoepithelial cells surround epithelial cell nests, the characteristic papillary organization of M38 and LM38-LP tumors is not found. mammary gland physiology is confined to its contractile function in lactation and the belief that most human breast cancers arise from luminal epithelial cells explain this omission in part [1] . However, growing evidence supports its broader biological significance and its potential usefulness for understanding breast carcinogenesis. Thus, two recent reports [26, 27] , which analyze the gene expression profiles of breast carcinomas with a DNA microarray technology, have associated the estrogen receptor-positive status with a luminal phenotype, whereas arrays of estrogen receptor-negative tumors, with a worse prognosis, resemble those of myoepithelial basal cells.
Interestingly, we found that only LM38-LP cultures, upon s.c. inoculation, were able to develop into differentiated ductal papillary tumors with the characteristic fibrovascular stroma and parenchymatous luminal and myoepithelial cells. It is also important to note that lymph node metastases, but not lung metastases, exhibited the same papillary architecture and immunological staining as the s.c. tumor. In contrast, s.c. injection of the LM38-HP cell line, composed of a predominant small spindle epithelial subpopulation and a minor subpopulation of morphologically altered myoepithelial cells, resulted in the formation of undifferentiated solid carcinomas with a poor stroma. Moreover, we found that LM38-D2, the pure myoepithelial cell clone, was able to grow as s.c. tumors that resembled sarcomas by exhibiting a typical organization in broad whorls of the CK14-positive and α-SMA-positive spindle large cells, quite like that described previously for myoepithelial carcinomas, and different from that of tumors derived from luminal cells [9] . The histopathology of tumors grown after the co-inoculation of LM38-HP and LM38-D2 cells revealed spatial proximity between the epithelial and myoepithelial cells that was not enough to result in a papillary organization. Our results suggest that the preservation of a normal structural relationship between the neoplastic luminal epithelial and myoepithelial cells seems to be necessary for LM38-LP cells to develop into a differentiated tumor. However, we cannot rule out the influence of other non-identified cells that could be providing the nonmalignant stroma of LM38-LP papillary carcinomas, as recently shown in a human breast cancer [25] .
Similar interactions between these two cells might also contribute to the capacity of LM38-LP cells to form ductlike structures when grown in suspension. Gudjonsson and colleagues recently suggested [28] that intact myoepithelial cells might have a key role in the control of mammary epithelium polarity. Furthermore, they found that tumor-derived non-neoplastic myoepithelial cells were unable to induce the formation of polarized acinus-like structures by normal luminal cells embedded in type I collagen, owing to an inability to produce laminin-1 [28] . Just as loss of polarity and disorganized growth are a hallmark of malignant transformation, the ability of LM38-LP cells to form rather differentiated structures in suspension is at least an unusual finding, and deserves further study.
It has been proposed that fully differentiated normal myoepithelial cells exert a restrictive control on the proliferation of normal luminal and malignant breast cells [29] .
Our results suggest that malignant myoepithelial cells present in LM38-LP cultures might also limit the proliferation of luminal cells under some conditions. In fact, the reduction in number and/or the major phenotypic changes suffered during culture by myoepithelial cells could be associated with the significantly higher growth rate of LM38-HP cultures either in monolayer or in three-dimensional spheroids in vitro. However, different behaviour was evident when cell growth was measured under more stringent conditions, because only the LM38-LP subline was able to form colonies when grown at low density. Moreover, the LM38-LP cells were less susceptible than LM38-HP cells to serum deprivation. In vivo tumor growth studies agreed with these latter results. In fact, when inoculated s.c. into syngeneic mice, LM38-LP cells showed higher tumorigenicity, shorter latency, and more rapid growth, in comparison with LM38-HP and LM38-D2 cells.
Although there is an apparent contradiction between in vitro and in vivo growth capacity of the LM38-HP cell line, the complex interactions occuring in vivo must be taken into account and deserve future study. Interestingly, when LM38-HP and LM38-D2 cells were co-cultivated and inoculated together, the resulting combined s.c. tumors showed a 2.8-fold size increase. These data support the hypothesis that M38 tumor growth depends on a reciprocal interplay between these two cell types.
The mechanisms involved in the dissemination and growth of tumor cells in lymph nodes are largely unknown in human breast cancer biology, probably owing to the lack of proper experimental models, as mentioned above. The fact that M38 and LM38-LP cells were able to colonize the lymph node, that this capacity was significantly diminished in LM38-HP cells and absent from the isolated myoepithelial clone, suggest that specific interactions between luminal and myoepithelial cells might be necessary. Interestingly, the ability to metastasize lung was also impaired in both LM38-HP cells and the myoepithelial clone. The co-inoculation experiments demonstrated a direct correlation between epithelial and myoepithelial interplay and lung metastatic capacity, but failed to recover regional lymph node colonization. Although a loss of tumor and metastatic growth capability could be attributed to a loss of function induced by prolonged cell culture, this is a rather controversial aspect in the literature. In this regard, in previous works we have reported an enhancement of the invasive and metastatic phenotype when continuous cell lines were established from spontaneous transplantable murine mammary tumors [19, 30] .
Available online http://breast-cancer-research.com/content/6/2/R116
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The metastatic cascade is a multistep process that involves the overexpression of proteolytic enzymes such as uPA and MMPs [21, 31, 32] . uPA initiates an enzymatic cascade, involving the activation of plasminogen to plasmin and of matrix metalloproteinases, which not only enable the degradation of the surrounding extracellular matrix but might also exert other roles in regulating cell proliferation and migration as well as angiogenesis [33, 34] . To find some mechanistic explanation for the differences in the metastatic dissemination capacities of the different cell subpopulations studied, we analyzed the production of uPA and MMPs. All of our lines produced and secreted 48 kDa uPA, but the LM38-LP cell line secreted significantly higher uPA activity levels than LM38-HP cells and the isolated clone. Although we cannot exclude the possibility that the decrease in uPA production exhibited by LM38-HP cells was a consequence of the prolonged culture, it is possible that interaction between both cell types is necessary to produce elevated levels of this enzyme. The myoepithelial clone was evaluated between subcultures 9-15, thus eliminating prolonged culture as a cause of its lower uPA secretion.
Regarding MMPs, only the highly metastatic LM38-LP subline was able to secrete MMP-2. This interesting finding agrees with Kawamata and colleagues [35] , who associated MMP-2 activity with the ability of a human oralsquamous-cancer cell line to disseminate to regional lymph nodes. In sum, we consider that these results allow us to propose that uPA and MMP-2 participate in the growth and metastatic capacity of the M38 tumor.
Concerning the nature of the interactions between M38 luminal and myoepithelial cells, our experiments suggest that the secretion and paracrine activity of soluble factors are probably not enough, because cross-treatment with CM did not modulate either the morphology or the growth pattern of any of the cultures. However, the secretion of labile soluble factors with a high turnover cannot be discounted. Interestingly, it was necessary to cultivate LM38-HP and LM38-D2 cells together for 36 hours to achieve differences in the co-inoculation experiments; these were not found in preliminary assays when co-injection without previous co-culture was used.
We do not know yet whether the different cell components of the M38 tumor, present both in primary cultures and in the LM38-LP subline, are the differentiated progeny of a single mutated stem cell or arose only after further mutation(s) of lineage-committed progenitor cells [20, 36, 37] . It is worth mentioning that the M38 tumor arose in a mammary gland of a pregnant BALB/c mouse, when both stem and already committed cycling cells (of both luminal and myoepithelial phenotypes) are usually found. Interestingly, beside the immunocytochemically defined epithelial and myoepithelial main components, other unidentified cells were also present in the LM38-LP cell line. Moreover, the LM38-HP subline presented a main subpopulation of small spindle cells, which could be an emergent third type of an otherwise insignificant subpopulation already present in LM38-LP cultures, or alternatively they could have evolved from the islet-forming epithelial cells, given that they present the same altered DNA ploidy.
A hypothesis to explain the repeated failure to isolate pure epithelial cells able to form islets of luminal phenotype by the limiting dilution cloning procedure is that they are probably almost terminally differentiated. In contrast, myoepithelial cells can be isolated with a high frequency as pure populations, and remain so after several passages in vitro, suggesting the presence of a clonogenic, committed and transformed myoepithelial progenitor in the LM38-LP cell line. Finally, it is quite probable that a transformed and as yet unidentified multipotent stem cell is also being isolated, because the clones that were initially formed from either small spindle cells or epithelioid-like cells quickly developed into mixed heterogenous cultures quite similar to the LM38-LP cell line. Other approaches, such as immunomagnetic sorting [14] , should be employed to isolate either the transformed luminal cell or the putative transformed stem cell.
